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ABSTRACT
Observations of high-redshift quasars indicate that super massive black holes (SMBHs) with masses
greater than ∼109 M⊙ were assembled within the first billion years after the Big Bang. It is unclear how
such massive black holes formed so early. One possible explanation is that these SMBHs were seeded
by “heavy” direct collapse black holes (DCBHs) with masses ofMBH ≈ 10
5 M⊙, but observations have
not yet confirmed or refuted this scenario. In this Letter, we utilize a cosmological N-body simulation
to demonstrate that before they grow roughly an order of magnitude in mass, DCBHs will have black
hole mass to halo mass ratios much higher than expected for black hole remnants of Population III
(Pop III) stars which have grown to the same mass (∼106 M⊙). We also show that when Tvir ≈ 10
4 K
halos (the potential sites of DCBH formation) merge with much larger nearby halos (Mh > 10
10 M⊙),
they almost always orbit their larger host halos with a separation of a few kpc, which is sufficient to
be spatially resolved with future X-ray and infrared telescopes. Thus, we propose that a future X-ray
mission such as Lynx combined with infrared observations will be able to distinguish high-redshift
DCBHs from smaller black hole seeds due to the unusually high black hole mass to stellar mass ratios
of the faintest observed quasars, with inferred BH masses below ∼106M⊙.
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1. INTRODUCTION
Observations of high-redshift quasars imply that
SMBHs with masses larger than ∼109 M⊙ were assem-
bled within the first billion years after the Big Bang
(e.g. Mortlock et al. 2011; Wu et al. 2015). Under-
standing how these black holes grew to be so mas-
sive in such a short period of time is currently an un-
solved problem (for recent reviews see Volonteri 2010;
Volonteri & Bellovary 2012; Haiman 2013). The sim-
plest explanation would be that the first SMBHs were
seeded by black hole remnants of Population III (Pop
III) stars. However, a ∼100M⊙ Pop III seed would need
to grow at the Eddington limit for essentially the entire
age of the Universe to reach the observed quasar masses,
which seems unlikely due to feedback from nearby stars
and the growing black hole seed itself (e.g. Alvarez et al.
2009; Milosavljevic´ et al. 2009; Smith et al. 2018).
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One promising alternative is “direct collapse” black
hole (DCBH) formation. In the DCBH scenario,
∼105 M⊙ of gas quickly collapses into a black hole,
possibly with a brief intermediate stage as a super-
massive star (Eisenstein & Loeb 1995; Oh & Haiman
2002; Bromm & Loeb 2003; Lodato & Natarajan 2006;
Dijkstra et al. 2008, 2014; Visbal et al. 2014). Larger
seed masses have been shown to grow rapidly (e.g.
Di Matteo et al. 2008; Pacucci et al. 2017), more easily
allowing the formation of the first SMBHs. In most
models, DCBHs are predicted to form in Tvir ≈ 10
4 K
“atomic cooling” dark matter halos (ACHs). DCBH
formation likely requires the suppression of molecu-
lar hydrogen cooling to prevent fragmentation and
star formation, which is usually is thought to occur
as a result of strong H2 dissociating radiation ap-
plied to a pristine ACH (Omukai 2001; Bromm & Loeb
2003; Shang et al. 2010). However, additional chan-
nels have been proposed including high-velocity col-
lisions (Inayoshi et al. 2015) and baryon-dark matter
“streaming velocities” (Tseliakhovich & Hirata 2010;
2 Visbal and Haiman
Tanaka & Li 2014; Hirano et al. 2017; Inayoshi et al.
2018).
Observationally determining the dominant SMBH
seeding mechanism is very challenging. Currently de-
tected high-redshift SMBHs are orders of magnitude
more massive than “heavy” DCBH seeds and such a
large amount of growth is likely to remove any mem-
ory of the initial seed mass. Thus, distinguishing DCBH
seeds will likely require observing black holes before they
have grown orders of magnitude in mass. Indeed, it has
been proposed that DCBH formation leads to so-called
“obese black hole galaxies” which have black hole masses
comparable to their stellar masses (Agarwal et al. 2013;
Natarajan et al. 2017).
Here we further explore the possibility of distinguish-
ing high-redshift DCBH seeds due to their large initial
black hole mass to halo mass ratios. We utilize cosmo-
logical N-body simulations to follow a large sample of
ACHs (sites of potential DCBH formation) and demon-
strate that, before they grow more than roughly an order
of magnitude, essentially all DCBHs will be hosted by
halos or subhalos with black hole mass to halo mass ra-
tios much higher than would be expected from Pop III
seeds which have grown to the same mass. Thus, be-
fore they grow in mass significantly, DCBHs can be ob-
served in X-rays with future instruments such as Lynx
(Gaskin et al. 2017), and will be distinguishable from
Pop III seeds due to their small stellar mass (a conse-
quence of their small halo masses), which can be mea-
sured with infrared telescopes such as the James Webb
Space Telescope (JWST ; see related discussion in sec-
tion 4.1 of Inayoshi et al. 2018). We note that our test
also applies to a Pop III seed which grows rapidly via
hyper-Eddington accretion into a ∼105 M⊙ black hole
seed in an ACH (Inayoshi et al. 2016; Ryu et al. 2016),
which would be indistinguishable from a DCBH in this
context.
This Letter is structured as follows. In Section 2
we describe the cosmological simulation used to ana-
lyze the evolution of ACHs. We describe our results
in Section 3 and discuss our main conclusions in Sec-
tion 4. Throughout, we assume a ΛCDM cosmology
with parameters consistent with those reported by the
Planck Collaboration et al. (2016): Ωm = 0.32, ΩΛ =
0.68, Ωb = 0.049, h = 0.67, σ8 = 0.83, and ns = 0.96.
2. SIMULATION
We have performed a cosmological N-body sim-
ulation with the publicly available code gadget2
(Springel et al. 2001) utilizing initial conditions gen-
erated by 2lptic (Crocce et al. 2006). Our simulation
has a resolution of 10243 particles and a box size of 20
comoving Mpc. The simulation resolves 3 × 107 M⊙
ACHs with ∼100 particles each, which is sufficient to
track these halos as substructures of larger systems
(Onions et al. 2012). We save simulation snapshots
at 15 Myr intervals from z = 10 to z = 6 and use
the rockstar (Behroozi et al. 2013a) halo finder with
consistent trees (Behroozi et al. 2013b) to construct
merger trees.
3. RESULTS
3.1. BH Mass to Stellar Mass Ratio
We track the evolution of ACHs in our simulation
to demonstrate that before they grow significantly in
mass (within ∼ 75 Myr of their birth), newly formed
DCBHs remain in halos (or subhalos) with black hole
mass to stellar mass ratios well above what is expected
in the Pop III seed scenario. Note that most ACHs
are not thought to host DCBH formation, but as de-
scribed below, our conclusions apply to ∼105 M⊙ black
hole seeds formed in almost any ACH. We identify the
7929 halos which cross the atomic cooling threshold
(Ma = 3× 10
7 M⊙) between z = 10 and the next simu-
lation snapshot 15 Myr later (z = 9.8). We then follow
the properties of these halos through time. For those
which fall into a larger halo but remain a subhalo, we
record both the subhalo and host halo properties.
Assuming Eddington-limited growth as expected for
black holes with MBH & 10
5 M⊙ (Inayoshi et al. 2016),
we estimate the mass of a growing DCBH as MBH =
Mie
t/tE , where tE is the e-folding timescale set by the
Eddington limit, Mi is the initial seed mass, and t is
the duration of time since DCBH formation (assumed
to coincide with the second snapshot in our simulation
just after ACH formation). We then compute the black
hole mass to stellar mass of each ACH by assuming the
stellar mass is given byM∗ = Mh
Ωb
Ωm
f∗, whereMh is the
total halo mass and f∗ is the star formation efficiency.
We use fiducial values of Mi = 10
5 M⊙, tE = 30 Myr
and f∗ = 0.05 to estimate the black hole mass to stel-
lar mass ratio for a DCBH in each ACH as a function
of cosmic time. We report this ratio as MBHM∗
(
0.05
f∗
)
,
due to its simple dependence on the star formation ef-
ficiency. Our assumption of tE = 30 Myr corresponds
to a radiative efficiency of ǫ ≈ 0.06 which is predicted
for a Schwarzschild black hole. Our conclusions do not
depend sensitively on this exact choice. We note that
the environments of newly formed DCBHs may lead to
outflows driven by radiative pressure that could reduce
f∗ below our fiducial value (Smith et al. 2017). This
would serve to increase MBHM∗ , strengthening our overall
conclusions.
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In Figure 1, we plot the distribution of MBHM∗
(
0.05
f∗
)
at z = 8.8, 75 Myr after the formation of our ACHs.
By this time the DCBHs are assumed to have grown to
MBH = 1.2 × 10
6 M⊙. We compare this to the black
hole mass to stellar mass ratio expected for “light” Pop
III seeds. Although their initial mass function remains
uncertain, the first Pop III stars are thought to have
masses of ∼10−1000M⊙ (Hirano et al. 2015) and form
at very high redshift in small ∼105−6 M⊙ dark matter
“minihalos”.
The growth of Pop III black hole remnants has been
tracked in simulations (Alvarez et al. 2009; Taylor & Kobayashi
2014; Habouzit et al. 2017; Smith et al. 2018) and semi-
analytic calculations (Volonteri et al. 2003; Tanaka & Haiman
2009). To make our comparisons we focus on the cosmo-
logical hydrodynamical simulations of Habouzit et al.
(2017). These simulations seed SMBHs on the fly in
dense low-metallicity gas with ∼1000M⊙ black holes (in
the same vein as Bellovary et al. 2011), which then grow
with an accretion rate capped by the Eddington limit.
Several different supernovae feedback prescriptions are
utilized. For the weaker thermal feedback prescrip-
tion, the largest ratio found for all of the galaxies with
MBH ≈ 10
6 M⊙ isMBH/M∗ ≈ 2.5×10
−3, which we plot
for comparison with our DCBHs. This is a conservative
choice, as their stronger (more realistic) feedback pre-
scriptions give lower values of this ratio. We also note
that the semi-analytic simulations of Volonteri et al.
(2003) (see their Figure 11) find MBHM∗
(
0.05
f∗
)
≈ 10−5 at
MBH ≈ 10
6 M⊙ for two representative cases, which is
signicantly lower than our conservative limit in Figure
1 (see also Smith et al. (2018), who find even less Pop
III seed growth). Additionally, inefficient accretion due
to radiative feedback from the growing black hole itself
(Milosavljevic´ et al. 2009) would lower MBH/M∗ in the
Pop III case.
In the left panel of Figure 1, MBHM∗
(
0.05
f∗
)
is plotted
for the largest halo hosting the DCBHs (i.e. if it is in
a subhalo, we use the larger host halo mass to compute
M∗). While the vast majority of ACHs have several
orders of magnitude higher MBH/M∗ than the Pop III
limit, we do find a small fraction of halos relatively close
to this value. This is because some ACHs quickly fall
into a much larger nearby halo. Fortunately, almost
all of these ACHs remain subhalos separated from their
larger host halos. This can be seen in the right panel
of Figure 1, where we show MBHM∗
(
0.05
f∗
)
computing the
stellar mass from the subhalo mass if the DCBH is in a
substructure within the larger halo. We note that when
an ACH falls into massive neighbor (Mh > 10
10 M⊙), its
total mass never exceeds the atomic cooling threshold
by more than a factor of two. Except for one ACH
which has completely merged and mixed with its larger
neighbor (the point with the lowest ratio in the right
panel of Figure 1), the black hole mass to stellar mass
ratio for our DCBHs is more than an order of magnitude
higher than our conservative upper limit in the Pop III
scenario.
Importantly, we find that ACHs which become satel-
lites of large neighbors remain separated from their
larger host halos by distances which can be resolved
with future observations. In Figure 2, we plot the dis-
tances between the centers of DCBH-hosting subhalos
and their larger host halos for the 20 ACHs that end
up in host halos with Mh > 10
10 M⊙ (corresponding to
MBH
M∗
(
0.05
f∗
)
< 0.015). Besides one ACH which has com-
pletely merged, these satellite halos are at separations
& 1 kpc. A physical distance of 1 kpc corresponds to
0.22′′ at z = 8.8. Thus, almost all of these halos are
sufficiently separated to be spatially resolved in X-ray
observations with Lynx, which is planned to have 0.5′′
angular resolution and 0.2′′ positional accuracy for faint
sources (Alexey Vikhlinin, private communication), and
by infrared observations with JWST (∼0.1′′ resolution).
Thus, from Figures 1 and 2, we can see that except for
the one ACH which completely merges and mixes with a
massive neighbor, DCBHs seeds have MBHM∗
(
0.05
f∗
)
& 0.1,
even after they have grown an order of magnitude in
mass. Thus we propose that identifying DCBHs with
X-ray observations and comparing with infrared obser-
vations to put limits on the stellar mass can likely dis-
tinguish DCBHs from Pop III seeds. In the DCBH case,
we expect JWST to detect a very small stellar host (or
none at all), or else detect a galaxy that is offset by ∼1′′
from the black hole X-ray source. In the Pop III case,
we expect JWST to detect a much brighter host in the
near infrared with MBH/M∗ < 2.5× 10
−3.
3.2. Satellite Halos
As discussed above, we find one ACH (out of ∼8000)
which completely merges and mixes with a very massive
(Mh > 10
10 M⊙) neighbor within 75 Myr after DCBH
formation. A DCBH in such a halo would be more chal-
lenging to distinguish from a black hole grown from a
Pop III seed due to its lower black hole mass to stellar
mass ratio. Because the number density of ∼109 M⊙
SMBHs at z & 6 is very low (∼1 Gpc−3), it is important
to check that it is not halos like this 1 in ∼8000 ACH
which are biased towards DCBH formation. It is gener-
ally thought that DCBHs form preferentially in ACHs
exposed to strong LW radiation, so one might worry that
it is the halos with the highest LW exposure that end
up merging completely with massive neighbors, making
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Figure 1. The distribution of black hole mass to stellar mass ratios for halos hosting growing DCBHs 75 Myr after their
formation (z = 8.8). The left panel uses the stellar mass for the largest halo hosting the DCBH (i.e. if it is in a subhalo, the
larger host halo mass is used), while the right panel uses the stellar mass of the subhalo when a DCBH resides in a satellite.
For reference, we have plotted the upper limit for Pop III seeds simulated by Habouzit et al. (2017) (right edges of shaded grey
regions). The triangles in the left panel denote ACHs which merge with halos that have masses greater than 1010 M⊙. DCBHs
in these halos almost always orbit as satellites which can be resolved with future X-ray and infrared observations (see Figure 2)
and correspond to MBH
M∗
(
0.05
f∗
)
≈ 5 in the right panel.
Figure 2. The distribution of separations (in physical units)
between our DCBH-containing subhalos and the larger host
halos for all 20 cases with MBH
M∗
(
0.05
f∗
)
< 0.015 in the left
panel of Figure 1 (red triangles). A separation of 1 kpc cor-
responds to 0.22′′ at z = 8.8. Almost all DCBHs will be
separated by distances large enough to be spatially resolved
by the future X-ray telescope Lynx (∼0.2′′ positional accu-
racy) and with JWST (∼0.1′′ angular resolution) .
them hard to distinguish from Pop III seeds. Here we
explain that the complete merger is mainly due to the
orbital properties of the ACH and larger neighbor, and
that DCBH formation should not be biased to occur in a
halo like this compared to other ACHs which merge with
their massive neighbor but remain in satellites which can
be spatially resolved.
In Figure 3, we plot properties of the 20 ACHs (at the
time of DCBH formation) that eventually merge with
massive neighbors (Mh > 10
10 M⊙). In the right panel,
we plot the Lyman-Werner (LW) intensity seen by each
ACH at the time of DCBH formation as a function of the
distance from the host halo 75 Myr later (i.e. the LW in-
tensity at z = 9.8 and the distance at z = 8.8). The LW
intensity is computed by adding the contribution from
all halos in the simulation box above the atomic cool-
ing threshold (halos seeing the strongest LW flux have a
negligible contribution from the background outside of
the box, most of the flux comes from nearby neighbors).
Each halo’s LW luminosity is computed by assuming
that 4000 LW photons are produced per baryon incor-
porated into stars and that the star formation rate is
given by SFR = M∗/(0.1tH), where M∗ = Mh
Ωb
Ωm
f∗ and
0.1tH is the dynamical time of the halo at that redshift.
From the left panel of Figure 3, we see that, among the
ACHs which merge with large halos, there is no clear
correlation between their initial observed LW intensity
and the distance they end up as satellites from the larger
halo after merger. Thus, even if DCBHs form preferen-
tially near massive neighbors, the vast majority, ∼ 90%
(18 out of 20 halos in our simulation), are likely to re-
main in satellite halos at distances from their host which
can be spatially resolved with Lynx.
So what causes one halo to completely merge and mix
into a massive neighbor, but not the others? We find
that the distance between the satellites and their host
halos at z = 8.8 correlates with how bound their orbits
are at DCBH formation (z = 9.8). This is illustrated in
the right panel of Figure 3 where we show 1
2
v2−GMb/r
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at the time of DCBH formation versus the separation
75 Myr later. Here v is the velocity of the ACH rel-
ative to the massive neighbor, Mb is the mass of the
large neighbor, and r is their separation at z = 9.8.
More tightly bound halos (lower values of this quantity)
systematically end up at smaller separations from their
massive neighbors. The halo which completely merges
(i.e. d = 0) is one of the more tightly bound halos, but
not the most tightly bound. Its complete merger is likely
determined by the detailed characteristics of its orbit.
There is no obvious reason DCBH formation should pref-
erentially occur in ACHs which are tightly bound and
on orbits which will mix with larger neighbors. Thus,
we conclude that within 75 Myr, the vast majority of
DCBHs will either be in a halo or subhalo sufficiently
small such that the high black hole mass to stellar mass
ratio will make the heavy seed distinguishable from Pop
III models.
4. CONCLUSIONS
While DCBH formation has been proposed to ex-
plain the rapid growth of the first SMBHs in the Uni-
verse, we still lack observational evidence confirming
or refuting this picture. Some promising tests which
have been proposed include examining SBMHs spectral
energy distributions (Pacucci et al. 2015, 2016), look-
ing for fossil evidence from local black holes in low
mass galaxies (Volonteri et al. 2008; Greene 2012), and
searching for obese black hole galaxies (Agarwal et al.
2013; Natarajan et al. 2017). In this Letter, building on
the idea of obese black hole galaxies, we demonstrate
that before they grow more than an order of magni-
tude in mass, DCBHs should be distinguishable from
Pop III black hole seeds with feedback-limited growth
due to their very high black hole mass to stellar mass
ratios. Utilizing a cosmological N-body simulation to
track the evolution of ∼8000 ACHs (the potential birth
sites of DCBHs) and making simple assumptions regard-
ing black hole growth and star formation, we find that
essentially all DCBHs have MBHM∗
(
0.05
f∗
)
> 0.1. Conser-
vatively, this is more than an order of magnitude higher
than expected in the Pop III seed scenario.
We find 20 ACHs which fall into nearby halos with
Mh > 10
10 M⊙, however in almost all cases the ACHs
orbit the larger halo as subhalos with separations that
can be spatially resolved with future X-ray and infrared
observations. Small separations correlate with more
bound orbits and the rare case (1 out of ∼8000) of a
merger which completely mixes into one distinct halo is
due to the detailed properties of the orbit which are not
expected to strongly correlate with DCBH formation.
We have shown that it is possible to distinguish if
a ∼106 M⊙ black hole has grown from a DCBH or
a Pop III seed by observing the black hole mass to
stellar mass ratio. We propose that future X-ray ob-
servations should search for accreting black holes with
MBH ≈ 10
6 M⊙ at z ≈ 10. Follow-up or precursor
infrared observations should then be compared and if
a limit of M∗ . 5 × 10
8 M⊙ is observed at the loca-
tion of the black hole (though note that if it merged
with a larger halo it may be spatially offset from a sep-
arate galaxy), it would be strong evidence for DCBH
formation. Future telescopes such as Lynx and JWST
should have sufficient sensitivity and angular resolution
to achieve this.
Finally, we note that we have assumed Eddington-
limited accretion throughout our analysis. This is the-
oretically motived for MBH & 10
5 M⊙ (Inayoshi et al.
2016), however it may be possible for a light seed to
rapidly grow to ∼105 M⊙ via hyper-Eddington accre-
tion in an ACH (Inayoshi et al. 2016; Ryu et al. 2016).
This would be indistinguishable from a DCBH via the
test proposed here. Thus, we emphasize that, strictly
speaking, the black hole mass to stellar mass ratio dis-
criminates between heavy seeds formed in ACHs versus
Pop III seeds with feedback-limited accretion.
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